An analytical model has been developed for simulation of gas permeation through thermal spray coatings, and for prediction of the permeability. The model is based on a geometrical representation of the coating microstructure. This involves thin splats, with limited inter-splat bridging, and microcracks within the splats. Important variables include the thickness (smallest dimension) of the inter-splat pores and intra-splat microcracks. Uniform values of these parameters are used in the model. Predicted permeabilities are compared with experimental data obtained using plasma-sprayed zirconia coatings, both in the as-sprayed state and after heat treatments sufficient to generate significant microstructural changes via sintering effects. In general, good agreement is obtained and it is concluded that the model constitutes a useful tool for exploration of gas permeation characteristics in coatings or layers produced by thermal spraying.
Introduction
Thermal spray coatings are widely used for thermal and environmental protection [1] [2] [3] [4] [5] . It is known [6] [7] [8] that many such coatings, particularly zirconia thermal barrier coatings (TBCs), exhibit relatively high gas permeabilities and offer little resistance to the permeation of oxidizing gases under service conditions. In fact, diffusive oxygen transport through the lattice and via grain boundaries is also relatively rapid in these materials [8] [9] [10] and it is accepted that oxidation-resistant layers must be introduced if the substrate is to be protected from chemical attack by oxidizing species. In addition, there are various applications in which the pore architecture and fluid permeation characteristics of sprayed coatings are of critical importance. These include solid oxide fuel cells (SOFCs) [11] [12] [13] , gas filters [14] and separators [15] . In some such applications, relatively high permeability is desirable, while for others it needs to be kept within certain limits or minimized.
While understanding and control of gas permeation through sprayed coatings is thus of considerable technological importance, there have been relatively few experimental measurements [6] [7] [8] 16, 17] of their permeability, and even fewer studies of how it changes under service conditions (particularly prolonged exposure to high temperature). This is a significant deficiency, since it is well established [18] [19] [20] [21] [22] that such exposure commonly leads to sintering phenomena which can radically change the coating microstructure (including the pore architecture) and strongly affect properties such as the stiffness [18, [23] [24] [25] and the thermal conductivity [26] [27] [28] [29] . Permeability might thus be expected to change during prolonged heat treatments.
Furthermore, theoretical treatment and modelling of gas permeation through the pore network in thermal spray coatings (or, indeed, in other types of coating) has hitherto been rather limited. While the background theory of gas flow through porous media is well established [30] [31] [32] , prediction of gas permeation characteristics requires both specification of channel architecture and the solving of relatively complex advection-diffusion equations [33] . Fox and Clyne [34] presented a simple percolation-based approach, in which the microcracks within splats represented the rate-controlling channels for gas flow. They found that this gave fairly good agreement with their measured permeabilities, but could not be used to account for the details of their experimental results. There have been a few other attempts [35, 36] to simulate fluid flow through structures representative of sprayed microstructures, but in general there are no tools currently available which allow reliable predictions to be made of the gas permeability, from measured or estimated pore architecture parameters.
Part of the reason for this is that sprayed coatings tend to exhibit relatively complex pore architectures, which are on a fine scale and are sensitive to the spraying conditions [37] and to subsequent heat treatment. However, recent progress in the use of techniques such as small-angle neutron scattering [38, 39] and mercury intrusion porosimetry [39] [40] [41] now allows improved, and more quantitative, characterization of the pore structure in these materials. In the present work, a geometric representation of the pore and crack architecture, which is similar to one previously employed by the present authors [29] for modelling of thermal conduction in these coatings, is used to develop a new model for prediction of their gas permeability, using measured pore architecture characteristics as input data.
Experimental procedures

Production and examination of plasma-sprayed coatings
Coatings were produced by atmospheric plasma spraying of ZrO 2 -7.5 mol.%Y 2 O 3 powder. This was carried out using a Plasma Technik VPS facility with an F4 gun. The arc current was 650 A, plasma power $36 kW, stand-off distance 100 mm, plasma gas flow rates 50 l min À1 Ar, 4 l min À1 H 2 , and the powder feed flow rate 2.5 l min
À1
Ar. Mild steel substrates were used. When free-standing coatings were required, they were separated from the substrates by immersion in concentrated hydrochloric acid at 60°C for 30 min. Further details of the procedures employed are available in the papers of Fox and Clyne [8, 34, 42] . Microstructural examination was carried out using a FEG-SEM. Two types of coating specimen were examined -free surfaces (in-plane) and fracture surfaces (transverse sections). An example of the latter is shown in Fig. 1 . Thermal spray coatings are generated by molten droplets Fig. 1 . SEM micrograph of the fracture surface of a yttria-stabilized zirconia (YSZ) coating produced by atmospheric plasma spraying (APS). [38, 39] to constitute approximately one-third of the total pore volume.
Nomenclature
Symbols
A area (m 2 ) C Sutherland's constant (K) h smaller transverse pore dimension (thickness) (m) L pore dimension in gas flow direction (m) K permeability (m 2 Pa À1 s À1 ) Kn Knudsen Number (À) M molar mass (kg mol À1 ) Q volumetric flow rate (m 3 s À1 ) P pressure (Pa) DP pressure difference (Pa) R gas constant (J mol À1 K À1 ) T temperature (K) V volume (m 3 ) v
Single splat production and examination
In addition to conventional coating production, single splat spraying was carried out, in order to give further information about splat dimensions and microcracks, although it is recognized that single, isolated splats form and cool under slightly different conditions from those experienced by splats during coating production. Spraying was performed onto a rotating drum covered by stainless steel foil. Full details of this procedure (''The Linescan Test'') are given by Roberts and Clyne [43] . Free surface micrographs are shown in Fig. 2 . Some splat fragmentation is apparent, which does not always occur during coating production.
However, the main interest is in the network of microcracks visible in Fig. 2b , which are almost inevitably present (in ceramic coatings). They arise from the constraint imposed by contact with the (relatively cold) underlying substrate (or splats) on the thermal contraction that occurs during splat quenching. The nature of this process, and the associated residual stress generation, has been extensively studied [44] [45] [46] . These microcracks normally extend through the complete thickness of the splat. The crackopening displacements of intra-splat microcracks (h cr ) often cover a relatively wide range (see Fig. 2b ) -values from about 300 nm down to a few tens of nanometres are commonly observed, while the in-plane spacing between them (L vo ) might typically be of the order of 5 lm. These cracks are also reported [38, 39] to constitute approximately one-third of the total porosity. The remaining third is in the form of relatively coarse dispersed globular pores, typically with dimensions of the order of a few microns.
Height profiles of single splats were obtained using a Wyko RS-2 Interferometric Surface Profilometer, with lateral and depth resolutions of $1 and $5 nm, respectively. A typical profile is shown in Fig. 3 . About 10 splats were studied in this way and the average splat thickness (L sp ) was found to be about 2.5 lm, which is broadly consistent with SEM observations on fracture surfaces.
Heat treatment
Heat treatment can substantially modify these microstructures, particularly at relatively high temperatures (>$1000-1200°C for zirconia coatings). For example, sintering phenomena can take place which heal microcrackssee Fig. 4 . This effect has been confirmed by SANS experiments [38] , which suggest a significant drop in the porosity contributed by microcracks, from about 4 to 1.5%, after 1 h at 1400°C (while the overall porosity level of $14% changed relatively little during this treatment [38] ). Sintering also affects the inter-splat porosity. This is illustrated by Fig. 5 . Substantial increases in the inter-splat bridge area can occur. For example, results of Allen et al. [38] indicated an increase in fractional bridge area from 20-30% to 50-60% (of the total splat contact area), after 1 h at 1400°C, with the corresponding porosity contribution dropping from $6 to $4%.
Mercury intrusion porosimetry
Mercury porosimetry was carried out using a Micromeritics Autopore IV facility, with the applied mercury pressure varying from 0 to 200 MPa. This pressure range allows detection and size analysis of inter-connected pores with dimensions in the range from around a few microns down to 7 nm. The distribution of the incremental pore volume, as a function of the pore size h, is presented in Fig. 6 , for both as-sprayed and heat treated (20 h at 1400°C) YSZ coatings. It can be seen that small pores ($10-50 nm) largely disappear during this heat treatment. It is difficult to assign the ranges of h in Fig. 6 corresponding to intra-splat cracks and inter-splat voids. SEM examination (Figs. 1, 2 and 5) reveals that the smallest dimensions of both cracks and inter-splat voids cover almost the whole range up to about 0.5 lm. SANS measurements [38, 39] suggest that the average value of h cr (microcracks) is about half that of h vo (voids), although this may not be very reliable or universal.
Measurement of gas permeability
Permeability data are taken from the work of Fox and Clyne [8, 34, 42] , where full experimental details are given. These measurements were made on detached coatings in the form of thin disks. Disks of sprayed zirconia were cut and mounted onto a zirconia or alumina tube, using a soda-lime-silica sealant. Sealant curing was carried out by applying gentle pressure while heating the tube to 820°C for 5 min.
Hydrogen, oxygen or, nitrogen were passed through the specimens, with a mass flow controller being used to gen- erate a constant gas flow rate. After a steady state had been reached, the pressure drop across the specimens was measured with a digital manometer. Measurements were carried out over a range of temperature, from 100 to 600°C. Several measurements were made for each sample, at different flow rates. The flow rate was found to be approximately proportional to the pressure drop across the sample. Therefore the permeability was calculated using D'Arcy's law.
3. Modelling of gas permeation 3.1. Geometrical representation of pore structure and gas flow routes
Comparisons [39] between porosity levels obtained by mercury porosimetry and by Archimedean densitometry suggest that much of the porosity in these coatings is inter-connected and this is supported by various microstructural observations. In the current treatment, the large globular pores are ignored, since they clearly offer little resistance to gas flow. It is assumed that gas flows through one splat via through-thickness microcracks and then passes through inter-splat void space until it reaches a nearby microcrack in the underlying splat, when it passes through that. This is illustrated in Fig. 7 .
The flow length through the microcracks is the splat thickness, L sp . The crack width, w cr , is usually much greater than L sp . It is assumed that the inter-splat porosity is evenly distributed over the inter-splat contact area. In the as-sprayed state, the contact bridge area has been reported [38, 47] to be about 20-30%. Neglecting any effects of the range in microcrack opening displacement, gas will tend to flow towards the nearest microcrack in the underlying splat. On average, the inter-crack separation, L vo , will be given by the inverse square root of the area density of microcracks. As a first approximation, it is assumed that the gas flow distance between microcracks will be about L vo /2. From inspection of micrographs, it is observed that this distance is about 2 lm for as-sprayed coatings, increasing to perhaps 10 lm after a substantial heat treatment and the associated crack healing. Of course, these figures are very approximate.
Model specification
Gas flow through a single channel
The symbolism used is listed in the Nomenclature. The volumetric flow rate is a function both of the geometry of the channel and of certain gas properties, especially the Knudsen number [48] , given by
where k is the mean free path of the gas molecules (dependent on temperature and pressure) and h is a characteristic dimension of the channel (distance between two plane walls in the present case). For the ranges of T, P and channel thickness of interest here, Kn $ 0.1-10. In this case, the net flux is given by [49, 50] 
This flux therefore approaches those corresponding to the limiting cases of molecular (Knudsen) flow, Q Knud , and Poiseuille flow, Q Pois , as Kn becomes large and small, respectively, compared to unity. The dependence of these limiting flow rates on channel dimensions and gas properties is given by [48] [49] [50] 
in which h, w, and L are channel dimensions, P is the pressure (DP = P in ÀP out ), T is the absolute temperature, M is the molecular mass, and g is the (dynamic) viscosity. Mean free path and viscosity of the gas are functions of T and P [48] . The viscosity can be evaluated using Sutherland's approximation where T 0 is a reference temperature, g 0 is the viscosity at T 0 and C is Sutherland's constant. The mean free path is obtained from the Maxwell-Boltzmann velocity distribution [48] k
in which the average molecular velocity is given by
Values used for the parameters in Eqs. (5) and (6) are given in Table 1 and the calculated mean free paths are plotted in Fig. 8 for three different gases. It can be seen that the mean free path for cases of interest is likely to be of a similar order of magnitude to the channel thickness, so that use of Eq. (2) to estimate the gas flux is justified.
Gas flow through intra-splat microcracks
Gas flow through individual channels is assumed independent of flows through neighbouring channels. The total volumetric flow Q tot , through area A, is thus obtained by summing the flow rates through individual channels
If all channels are identical, so that Q cr is single-valued, then the volumetric flow rate is proportional to this value, to the total area of the coating, A, and to the number of microcracks per unit area, f cr
In the general case, the flow through each channel is a function of its dimensions and a numerical summation is necessary, involving the spatial distribution of channel sizes. For the simpler case of uniform dimensions, the crack density f cr can be written in terms of measurable porosity parameters. In fact, the product of the crack volume L sp h cr w cr and the number of cracks, Af cr , divided by the element volume A(L sp + h vo ) is equal to the overall porosity contributed by cracks, u cr . This relation can be written as
Thus, taking into account Eqs. (2)- (4), Eq. (9) reduces to
with the permeability of microcracks therefore being given by
In most cases, the assumption about identical channels is unlikely to introduce large errors and h cr in Eq. (12) could be replaced by some average microcrack dimension AEh cr ae, obtained experimentally.
Gas flow through inter-splat voids
Gas flow through inter-splat void space can be treated in a similar way to that through the microcracks. The number of voids in a slab with thickness (L sp + h vo ), per area A, can be expressed as Af vo , where f vo is the number of voids per unit area. The volume of a single void 0.5 L vo h vo w vo and the total porosity of voids u vo are related by Table 1 into Eqs. (5) and (6).
with the flow rate given by
Introducing the permeability of individual inter-splat voids K vo , Eq. (14) can be written
Substituting expressions for molecular and Poiseuille flows (Eqs. (3) and (4)) into Eq. (14) gives an expression for the permeability of individual inter-splat voids.
The value of K vo can thus be obtained from the void content and the void thickness, in the same way as for K cr .
Overall permeability of the coating
The net permeability K tot of a unit cell, with height L sp + h vo and area A, can be expressed in terms of the overall volumetric flow rate through the cell and the pressure drop across it.
The overall flow rate through microcracks and inter-splat voids must be the same, so that
By substituting in this equation for the total pressure drop, which is given by
the overall permeability can be expressed in the form
and, since h vo << L sp , this can be written
The value of K tot can thus be obtained from the permeabilities calculated in Sections 3.2.2 and 3.2.3, plus the pore architecture parameters L vo and L sp .
Model predictions and comparison with experimental data
As-sprayed coatings
A comparison is shown in Fig. 9 between measured and predicted permeabilities of as-sprayed YSZ coatings, for three gases, over a range of temperature. The predictions were obtained using Eqs. (12), (16), and (20), assuming uniform dimensions of cracks and voids. The gas property data used are shown in Table 1 and the pore levels and dimensions employed were those presented in Table 2 . The values of h cr and h vo were estimated from the pore size distribution shown in Fig. 6 and data from SANS experiments [38, 39] , which suggest that average h cr values are $50-75% of average h vo values, and that porosity levels of intra-splat microcracks and inter-splat voids are similar. Agreement between predictions and experiment is encouraging, considering the crude nature of the model and input data. Fig. 10 shows the effect of pore architecture parameters on predicted permeability values. The microstructural parameters used in these plots have been varied in a consistent way -for example, changes in the microcrack thickness, at a fixed porosity level, require corresponding changes in microcrack separation. Assuming random orientation of intra-splat microcracks, the relationship may be written Table 3 shows how the parameters have been varied in constructing Fig. 10 . It can be seen that the predictions are sensitive to both microcrack ( Fig. 10a ) and inter-splat void parameters (Fig. 10b) . The main resistance to gas flow is presented by long pores with small flank separation. For plasma-sprayed coatings, microcracks and inter-splat voids have broadly similar dimensions and their contributions to the gas permeability are similar in magnitude. It is worth noting that microcrack healing (disappearance) leads to increased flow distances along inter-splat void channels. It can be seen in Fig. 10 that the permeability is approximately linearly dependent on several architectural parameters: the level of microcrack porosity, the channel length, and the thickness (flank separation) of microcracks. The former effect is intuitive, while the latter follows from Eq. (14) , since Knudsen flow predominates in the microcracks (see below). Simultaneous variation of two parameters (e.g., porosity u and flank separation h) tends to give a net effect which is simply the sum of the individual effects, as can be seen in Fig. 10a .
The mean free path increases with increasing temperature. In fact, k will often be significantly greater than the shortest pore dimension (see Fig. 8 ), so that Knudsen flow is often expected to dominate at typical service temperatures (e.g., $1200°C for TBCs). This means that the gas viscosity does not really affect the permeation characteristics. On the other hand, for such high k values, the permeability K cr is almost independent of k (see Eq. (12), for k >> h cr ) and the square root law is a good approximation. In this case, the permeability is a function only of the pore dimensions and the molecular mass of the gas.
Effect of heat treatment
Under service conditions (high T), these coatings are prone to microstructural change, as a result of sintering phenomena. For example, microcracks tend to become healed (see Fig. 4 ). This effect has been confirmed by SANS experiments [38] , as well as by microscopy and MIP studies. The SANS work suggests a drop in the microcrack porosity level from 4% to 1.5%, after 1 h at 1400°C, with a further drop to 1% after 20 h, which is consistent with the MIP results presented here. It was also deduced [38] that the value of h cr rose from 200 to 300 nm during these treatments. These and other input data for the model are shown in Table 2 . Of course, these numbers are inevitably rather approximate. Nevertheless, it can be seen in Fig. 11 that both the measured permeability and the value predicted on the basis of these estimated pore architecture data tend to fall quite sharply with heat treatment time (at this admittedly rather high temperature of 1400°C). The agreement is again encouraging, although obviously the estimates of the architecture data are rather approximate and these values are all assumed to be uniform.
Conclusions
The following conclusions can be drawn from this work.
(a) A model has been presented for prediction of the permeability of ceramic coatings produced by thermal spraying. It is based on pore architecture in which gas flow takes place sequentially through void space between overlapping splats and through-thickness intra-splat microcracks. The nature of the flow is dependent on the molecular mean free path, k which may be comparable in magnitude with the dimensions of gas flow channels. (b) The predicted permeability is approximately proportional to the square root of the absolute temperature and inversely proportional to the square root of the molecular mass of the gas. Gas flow occurs primarily in the Knudsen regime (k $ channel thickness), especially at relatively high temperatures. (c) Comparisons with experiment have been made for plasma-sprayed zirconia (thermal barrier) coatings. Good agreement is found between predicted permeability values, obtained using measured pore architecture data from previous and current work, and published experimental values, for three different gases and a range of temperature. Typical values are in the range 10 À11 -10 À10 m 2 Pa À1 s À1 . It follows that the model can be used to predict the permeability, and hence the gas flow characteristics, of coatings with this type of pore structure, provided that the relevant porosity levels and dimensions can be estimated. (d) A parametric analysis has revealed that the predicted permeability is equally sensitive to microcrack dimensions and inter-splat void architecture. (e) Prolonged exposure of (detached) coatings of this type to high temperature (>$1000°C) leads to sintering and consequent microstructural changes. Previous work has shown that these are accompanied by sharp drops in permeability, as some of the gas flow channels become closed. The main features of these changes are captured in the model, using measured pore architecture data.
